ABSTRACT
I. INTRODUCTION
Hence, the trigonometric functions cos 8 and sin 8 can be evaluated and stored in advance. During computation, these pre-stored values will be retrieved and multiplied to x and y. This requires four (real) T h i s research work is supported by National Science Foundation under contract DCI-8609283, ME'-8896111. angle a(i) requires only shift and add operations. To be more specific in using the CORDIC algorithm, the given angle 8 is decomposed as
where E is an angle approximation error such that I E I < a(n-1) and is negligible in practical computation [7] . The direction of rotation through a(i) is dictated by u(i) which takes a value of either + 1 or -1. In the CORDIC algorithm, these u(i)'s are computed from the angle iteration (z(0) = 8):
Once the u(i)'s are determined, the remaining rotation operations are performed with the following iterations :
Initiation: x(0) x, y(0) 
which is an overhead in computation. Fortunately, this norm correction constant is a known constant once the set of (u(i)a(i); i= 0. n-1) are determined. As a result, multiplier recoding method, such as the modified Booth's algorithm [8] can be applied to speedup compu tation.
CORDIC ANGLE RECODING PROBLEM
As mentioned earlier, in conventional CORDIC algorithms, u(i) = f 1. Hence n CORDIC iterations will always be required even if 8 = 0, because each time u(i) = 1. or -1 a CORDIC iteration is to be computed (using one shift-and-add operation). In this paper, we propose to relax this constraint by allowing u(i) = 0. This would be advantageous in applications where 8 is known in advance [5] . If u(i) can take f 1 or 0, it would be desirable to minimize
that the total number of CORDIC iterations can be reduced. We shall call this technique Angle Recoding since it is similar to the multiplier recoding method employed in modern multiplier design. Now, the angle recoding problem can be formally stated:
The CORDIC Angle Recoding Problem : Given (a(i). for i= 0, n-l), and an angle 8, find (u(i);i= 0 to n-1,
For convenience, it will further be assumed that by 8 -xI2.
A GREEDY ALGORITHM
An optimum solution to the CORDIC angle recoding problem will have to test up to O(3") combinations of (a(i)) which would be impractical to evaluate for large value of n. In this paper. a Greedy Algorithm which takes only O(n2) operations is proposed. Later. it will be shown that the total number of elementary angles needed to represent 8, when this algorithm is used, will be less than n/2. Now, the algorithm is given below: This is a greedy algorithm because at every step, it tries to represent the remaining angle (to be rotated) using a closest elementary CORDIC angle. Without looking ahead of future steps, this choice is the most reasonable one at the current iteration. To see that this algorithm actually converges, one would establish that e( k) is a monotonically decreasing sequence. Since
CORDIC
Thus, from (3). and the fact that @(k) I Since tan a is a monotonic increasing function for
But it can easily be verified that 2-(2i+ 2)
tan (a(i)+a(i+2))-tan (2a(i+ 1)) = Again, the monotonic increasing property of the tangent function ensures that g(i) > g(i+ 1).
Q.E.D.
Based on lemma 1, the following theorem is proved: Theorem 1. Using the proposed CORDIC angle recoding algorithm, if le1 S a(0) = x / 4 , then4 n-1
Proof Our strategy is to show that ik 2 2k. Since a(n-
Thus, the case of k= 1 is proved. By induction, assuming that le(k) I c a(2k) ( 6) then
Hence, (6) is proved. When 2k 2 n-1, the angle recoding procedure will be terminated. Thus, the total number of iterations is k j = { ;;1)12 n odd; n even.

IV. SIMULATION RESULTS AND DISCUSSIONS
To test the effectiveness of the proposed CORDIC angle recoding scheme, two simulations for both n = 16 and n = 32 are conducted. 4000 rotation angles (8) uniformly distributed between 0 and a(0) are generated and encoded with the proposed scheme. For each of these test angles, after (u(i); i = 0 to n-1) are determined, lu(i) I is calculated. Also, the corresponding scaling factor
for each angle is calculated. Using a modified Booth's (multiplier) recoding representation for l/K(n), the total number of 1's and -1's in this representation is taken to be the additional iterations needed for CORDIC scaling (norm correction) operation. The total number of iterations for both CORDIC rotation operations and the norm correction operation is also calculated.
The distribution of k* and the total number of iterations (including the norm correction operations) is depicted in figure 1 for the case n= 16 and in figure 2 , the case of n= 32 is depicted. The maximum, mean and the standard deviation of the distribution of k* for performing only the CORDIC rotation operations are given in Table I . The maximum number of k* for n= 16 is 7, and for n = 32 it is 14. The corresponding values of the distribution of k* for the total computation which inclu-des both the rotation and scaling operations are given in Table II . The maximum value k* = 14 for n= 16 and k* = 28 for n= 32.
' The proposed algorithm for Angle Recoding optimizes the number of CORDIC iterations and improves the speed of computation. In the VLSI implementation of the CORDIC algorithm, the area of the shifter can be reduced, with the optimized number of shift-andadd operations achieved through the proposed algorithm.
